When bacterial symbionts become associated with their hosts, their genomes are thought to decay inexorably towards an organelle-like fate due to decreased recombination and inefficient selection. Despite extensive theoretical treatment, no empirical study thus far has connected these underlying population genetic processes with long-term evolutionary outcomes. By sampling marine endosymbionts that range from primarily vertical to strictly horizontal transmission, we tested this canonical theory. We found that transmission mode strongly predicts recombination rates, and that exceedingly low recombination rates are associated with genome degradation in the marine symbionts with nearly strict vertical transmission. Nonetheless, even the most degraded marine endosymbiont genomes are occasionally horizontally transmitted and are much larger than their terrestrial insect symbiont counterparts. Therefore, horizontal transmission and recombination enable intermediate symbiont genome sizes that maintain substantial functional genetic variation.
Main Text:
Symbiont genome evolution theory predicts that upon host restriction, bacterial genomes begin the steady and inexorable process of decay due to decreased recombination rates, resulting in inefficacious natural selection ( 1 ) . The transmission bottleneck that occurs when symbionts are passed on to host offspring further exacerbates these dynamics ( 1 , 2 ) . In the early stages, deleterious mutations arise on each symbiont chromosome and a portion drift or hitch-hike with adaptive mutations to fixation. Subsequently, pseudogenes are lost entirely via deletion ( 1 ) . Ultimately, this process is thought to result in an organelle-like genome that is a fraction of the size of its free-living ancestors. Although symbiont genome degradation is well-understood in theory ( e.g. , ( 1 -3 ) ), no empirical study has directly evaluated the role of recombination in facilitating efficient natural selection and, thereby, the suppression of degradation. Interspecific-population level comparisons are essential for testing this long-standing question ( 3 ) .
While the degraded genomes of many endosymbionts are consistent with this theory, such as symbionts of terrestrial sap and xylem-feeding insects ( 4 ), a diversity of associations present discrepancies. In particular, all known marine endosymbionts' genomes are at least one megabase in size and contain diverse coding content ( 5 -11 ) . This result is usually interpreted as reflecting the earliest stages of genome degradation ( 12 , 13 ) , which is surprising considering the antiquity of these associations ( e.g. , ( 14 , 15 ) ). While important genes have been lost in some lineages, such as the recombination and repair gene recA and transversion mismatch-repair gene mutY ( 16 ) , their loss did not portend complete genome degradation. Symbioses in marine environments exhibit significantly more horizontal transmission between hosts than those in terrestrial environments ( 17 ) , suggesting that symbiont gene flow between hosts may prevent genome decay by enabling high rates of recombination, efficient natural selection, and the maintenance of highly diverse genome contents. This hypothesis has so far not been tested and it is not known whether marine endosymbionts represent the early stages of genome degradation as described by the canonical endosymbiont genome theory or if gene flow and recombination can stall such genome decay over evolutionary time.
To determine what evolutionary forces prevent marine endosymbiont genomes from degrading despite host restriction, we leveraged both population and comparative genomics of six marine bacterial-animal symbioses that exhibit modes of transmission across the spectrum from strict horizontal transmission ( Bathymodiolus mytilid mussels), to mixed mode transmission (solemyid bivalves), to nearly strict vertical transmission (vesicomyid clams) ( 17 ) (see Fig.  1A ,B, table S1). Each of these three groups evolved independently (fig. S1) to host intracellular gammaproteobacterial symbionts in their gills, which provide chemosynthetic carbon fixation to nutritionally support the association ( 17 ) .
We used a combination of Nanopore and Illumina sequencing to assemble high quality reference genomes for the four previously uncharacterized endosymbionts and mitochondria for each host species (( 18 ), table S2, species named in table S3). We paired these reference genomes with Illumina short-read data obtained from between seven and twenty representatives of each population (table S1) to measure within population genetic variability (( 18 ), tables S4, S5).
Comparative analyses of host mitochondrial and endosymbiont genealogies show strong evidence for horizontal transmission in all six populations ( Fig 1C) . Despite this apparent similarity in transmission mode, the genomes of vesicomyid endosymbionts are approximately one half the size of genomes of solemyid or mytilid endosymbionts, which themselves are approximately consistent with their free-living ancestors. Nonetheless, at 1-1.2 Mb, the partially degraded vesicomyid endosymbiont genomes are still ten times larger than the smallest insect endosymbionts ( 4 ).
Recombination is an important driver of genetic diversity in many bacterial populations ( 19 , 20 ) . Although recombination can occur independently, horizontal transmission is required to create novel genetic combinations because recombination among clonal strains, e.g. , within a host-restricted clonal population of vertically transmitted endosymbionts, has little impact on haplotypic diversity ( 21 ) . To explore the opportunity for recombination among genetically diverse symbionts, we partitioned symbiont genetic variation to between and within-host variation ( e.g. , Fig 2A, tables S4, S5). Within vesicomyid symbionts, genetic diversity is strongly subdivided by hosts, and nearly all variation distinguishes host populations ( Fig 2B) . Conversely, for mytilid and solemyid endosymbionts, hosts have little impact, and two endosymbionts within a host are almost as divergent as two from different hosts ( Fig 2B) . These patterns are even more striking when examining the distribution of genetic diversity within host tissues. Bathymodiolus endosymbionts are exceptionally genetically diverse and the allele frequency spectra are similar to expectations for an equilibrium neutrally-evolving population ( Fig 2C left, fig S2, S3 ), consistent with the high genetic diversities reported for other bathymodiolin symbionts ( 22 ) . Conversely, solemyid endosymbionts maintain intermediate and more variable within-host genetic diversity, consistent with a mixture of vertical and horizontal transmission ( Fig 2C middle, fig S4, S5 ). Finally, vesicomyid endosymbiont populations within hosts are virtually devoid of genetic variability ( Fig 2C right, fig S6, S7) . Therefore, despite their literal encapsulation within host tissues, mytilid and solemyid symbionts have abundant opportunity to recombine and create fitter chromosomes whereas vesicomyid symbionts must only rarely encounter genetically differentiated individuals.
Although opportunities are limited for vesicomyid endosymbionts, even relatively infrequent recombination events might drive patterns of genome evolution. We therefore developed a theoretical framework of symbiont evolution during mixed transmission modes. Importantly, our model demonstrates that these populations can be approximated using a standard Kingman-coalescent and that horizontal transmission is mechanisticanistically linked to observable recombination events (( 18 ), figs S8, S9). We then performed extensive coalescent simulations and used a machine-learning regression framework to estimate the effective recombination rates for each population (( 18 ), table S6). Estimated recombination rates are substantially higher in mytilid and solemyid symbionts than in vesicomyid symbionts ( Fig 2D,  table S4 , table S7), indicating that the potential for recombination within hosts is realized in these species. In fact, these populations have some of the largest effective recombination rates ever reported for bacteria ( 23 , 24 ) . Nonetheless, we also found modest rates of recombination within both partially degenerate vesicomyid genomes, despite the loss of many requisite genes in the Calyptogena magnifica symbiont ( 16 , 25 ) .
A fundamental consequence of decreased recombination rates for endosymbionts is that selected mutations cannot be shuffled to form higher fitness chromosomes. Ultimately, this competition among selected mutations on different haplotypes, clonal interference, can drive the fixation of deleterious mutations and reshape genealogies towards long terminal branches and excesses of rare alleles ( 26 ) . Consistent with theory, we find abundant rare alleles in the vesicomyid symbiont genomes (Fig 3, fig S10, table S4 ; Tajima's D = -1.98 and -2.03 for C. magnifica and Calyptogena fausta , respectively), but little skew in the allele frequencies of other endosymbiont populations (D ranges from 0.196 to -1.01). Importantly, it is unlikely that differences in host species demography have driven these differences, e.g., recent population expansions specifically in vesicomyid clams. In fact, we found less allele frequency skew in the mitochondrial genomes than in the vesicomyid symbionts for all species considered, and the strongest negative skew in the allele frequencies in the mitochondrial genome of Bathymodiolus septemdierum from the Lau Basin (D = -1.9, table S4). Additionally, weakly selected fixations between symbiont populations follow the expected trend, with dN/dS values of 0.14, 0.096, 0.083 for vesicomyid, solemyid and bathymodiolin genomes, respectively (pairwise p-values: bathymodiolin-vesicomyid p=4.60e-14, solemyid-vesicomyid p= 1.02e-11, and bathymodiolin-solemyid p= 0.0365), consistent with recombination enabling more efficacious selection for sustained periods of time.
Genome structure stasis is thought to be another hallmark of canonical endosymbiont genome evolution, and many terrestrial endosymbioses have reported static degenerate genomes ( 4 ). Whole genome alignments reveal that the vesicomyid symbiont genomes are highly syntenic, with few rearrangements, insertions, or deletions; whereas the other symbiont genomes are highly structurally dynamic (Fig 4) . It is, therefore, likely that strong clonal interference has driven genome erosion in these groups. This could proceed by iteratively locking deletions (initially caused by recombination ( 25 ) , as depicted in Fig 4A) together through many generations of symbiont transmission bottlenecks, incrementally reducing the size of the genome. With recombination events occurring so rarely in these endosymbiont genomes, natural selection is unable to efficiently purge deleterious deletions. Inversions, which can be highly mutagenic by inverting the translated strand, inducing replication-transcription machinery collisions ( 27 ) , may be nearly absent due to their high fitness costs.
In contrast, the solemyid symbionts are as structurally dynamic as strictly horizontally transmitted associations, and they have far more mobile genetic elements than any of the other symbiont genomes (table S8) . This is consistent with a combination of free-living and host associated periods ( 28 ) , and mirrors the early stages of host association ( 12 , 13 ) , as well as the early stages of eukaryotic asexuality ( 29 ) . Many of these elements exhibit homology to different environmental bacteria, implying many independent insertion events (table S9) . It is plausible that vesicomyid symbionts' horizontal transmission and recombination rates are the beginning of the range of values that permit genome decay. They undergo horizontal transmission (Figs 1C, 2B) and recombine (Fig 2D, table S4 ). However, the signatures of clonal interference and sustained intermediate genome sizes indicate that selection is sufficiently efficacious to maintain some functional diversity in these populations, counter to the expectations for the original theory on endosymbiont genome evolution ( 1 , 2 ) .
The extreme age of these symbioses and the conservation of evolutionary signatures across groups suggest that patterns in genome structure are maintained over long periods of time. For example, symbiotic vesicomyids evolved from their non-symbiotic vesicomyid ancestors around 66 mya ( 14 ) and the solemyids evolved from their non-symbiotic protobranch ancestors even earlier, with estimates dating back to more than 400 mya ( 15 ) . While host-switching and novel symbiont acquisition have certainly occurred, phylogenetic evidence suggests it has been relatively rare ( 9 , 30 ) . Thus, despite their old age, necessity for host survival, and transmission route through host oocytes, the symbiont genomes in these associations have not degraded to the minimal sizes seen in insect symbionts. Instead, moderate rates of recombination have allowed the solemyid and vesicomyid symbiont genomes to maintain functional diversity characteristic of a free-living or moderately reduced genome, respectively.
Here we show empirically that symbiont genome sizes and functional diversity are predicted by the rate of gene flow into and among symbiont populations via horizontal transmission and recombination. These results suggest that there is a range of possible intermediate genome degradation states that can be maintained indefinitely, even over millions of years, with sufficient recombination. Therefore, symbiont genome evolution following host restriction is not a one-way, inescapable process that ends in an organelle-like state as it is commonly presented ( 1 , 2 ) . These results validate long-standing but untested theory and demand a reinterpretation of the vast diversity of symbioses that exhibit intermediate rates of horizontal transmission and incomplete genome degradation. Fig. 1 . Nearly-strictly vertically transmitted chemosynthetic endosymbionts exhibit genome erosion despite ongoing horizontal transmission events in their populations. A) Transmission mode spectrum from strict horizontal transmission to strict vertical transmission, with a diversity of mixed modes, incorporating both strategies, in between. B) Genome sizes from this and previous studies ( 5 -7 , 31 ) reveal consistent patterns of genome erosion among the vesicomyid symbionts, but not the other groups with higher rates of horizontal transmission. C) Mitochondrial and symbiont genealogies are discordant for all groups, indicating that sufficient amounts of horizontal transmission occur in vesicomyid populations to erode the association between these cytoplasmic genomes. Maximum likelihood cladograms with nodes below 50% bootstrap support collapsed. Species are color coded by their symbiont transmission mode as in A). Horizontally transmitted mytilid (blue) and mixed mode transmitted solemyid (green) symbionts are well mixed among hosts, whereas the nearly strictly vertically transmitted vesicomyid symbionts (yellow-green) are highly differentiated among hosts. Error bars = 95% confidence intervals from non-parametric bootstrapping. C) Intrahost population folded allele frequency spectra (AFS) are shaped by access to gene flow, which is enabled by horizontal transmission and recombination. D) Recombination rates are significantly higher in the mytilid (blue) and solemyid (green) symbiont genomes compared to the vesicomyid symbiont genomes (yellow-green). Error bars = 95% confidence intervals.
Fig. 3. Consequences of access to gene flow via horizontal transmission and recombination on the distribution of symbiont genetic diversity between hosts. A) Diagram showing how
beneficial alleles (pink) are linked to deleterious alleles (grey) in populations experiencing clonal interference versus free recombination, and how these processes are reflected in the underlying population genealogies and allele frequency spectra. B) Symbiont genealogies as labeled in C). Scale bars from left to right: 6e-4, 3e-5, 8e-6 substitutions/site. C) Between host allele frequency spectra (AFS) for three species representing the three groups of hosts. Fig. 4 . Genome structure is shaped by horizontal transmission and recombination. A) Models of recombination-based structural mutation mechanisms. B-D) Whole genome alignments for B) mytilid, C) solemyid, and D) vesicomyid symbiont genome assemblies with >1 Mb scaffolds. E) Maximum likelihood 16S rRNA phylogeny for the chemosynthetic gammaproteobacterial symbionts and their free-living relatives (taxa in table S10).
